In most eukaryotic cells, DNA replication is confined to S phase of the cell cycle [1] . During this interval, S-phase checkpoint controls restrain mitosis until replication is complete [2] . In budding yeast, the anaphase inhibitor Pds1p has been associated with the checkpoint arrest of mitosis when DNA is damaged or when mitotic spindles have formed aberrantly [ 
In budding yeast, initiation of anaphase is controlled by the ubiquitin-dependent degradation of the anaphase inhibitor Pds1p. This process constitutes a target of late cycle checkpoint controls [6] . To address whether Pds1p is required for S-phase checkpoint control, we adopted two approaches. First, we used a hypomorphic pds1 allele, pds1-128, that causes a less severe temperature sensitivity than a null allele and is, therefore, more amenable to the study of cellcycle events in synchronous populations. Although the restrictive temperature for growth of pds1-128 cells is 37°C, DNA damage and spindle assembly checkpoint defects are apparent at 26°C, comparable to those previously described for the pds1-1 mutant [3, 4] . Although a replication block induced by 400 mM HU caused pds1-128 and pds1∆ cells to checkpoint-arrest (data not shown), these mutants were highly sensitive to non-replication-arresting doses of HU (50-100 mM; Figure 1a ). On solid medium containing 100 mM HU, pds1-128 mutants formed microcolonies (Figure 1b, c) . In liquid medium containing 100 mM HU, at least 50% of pds1-128 cells lost viability per generation (see Supplementary material published with this article on the internet). Crucially, rad9∆ cells, defective for DNA damage checkpoint control, were not sensitive to 100 mM HU ( Figure 1a) . Hence, the sensitivity of pds1 mutants does not result from a Rad9p-dependent DNA damage checkpoint defect.
Second, we performed kinetic studies in which the coupling of S phase with mitosis was challenged by partial inhibition of replication. Normally, replication is completed before short G2 spindles form [7] . In the presence of 100 mM HU, replication proceeds at a reduced rate [7] . Only once cells have budded and formed short mitotic spindles must anaphase be delayed to allow the completion of replication. Under these conditions, loss of S-phase
Figure 1
Sensitivity of pds1 mutants to HU. Serial dilutions of mid-log cells from wild type (WT), pds1 or rad9 mutants were spotted onto solid YEPD medium or onto YEPD containing HU and grown at 30°C (25°C for pds1∆). (a) Spot growth was recorded after 2-3 days. After 24 h, microcolonies were (b) counted and (c) photographed. 
Figure 3
Distinct checkpoint control defects in pds1 and mec1 mutants. Strains were G1-arrested as in Figure 2 , then released into rich medium containing 100 mM HU at 26°C. Cell aliquots were taken at given time intervals to score budding index (gray symbols), short spindle formation (open symbols) and spindle elongation (black symbols), and for FACScan analysis of DNA content. Each strain replicated DNA with similar kinetics (the kinetics of replication in mec1-1 cells could not be determined because these cells began anaphase before much DNA had been replicated; data not shown). In the presence of 100 mM HU, both pds1-128 and mec1-1 cultures contain populations of cells with less than 1N DNA content: about 10% of the total cells after the first division (7 h after release from α factor) of both mutants; 21% for pds1-128 after three generations (14 h after release); and 31% for mec1-1 after three generations (14 h after release). checkpoint control can be unequivocally demonstrated by measuring the relative timing of budding, DNA replication, spindle assembly and the onset of anaphase. Others have identified proteins required for checkpoint arrest when replication has been blocked [5] ; we examined checkpoint control during ongoing DNA replication.
Wild-type and pds1-128 cells were synchronized in G1 by adding α factor, then released into liquid YEPD medium containing 100 mM HU. To estimate the timing of the onset of anaphase, sister centromere separation was monitored ( Figure 2a) . Although both strains budded and progressed through S phase with similar timing, sister centromere separation was advanced in pds1-128 cells. At least 36% of budded pds1-128 cells had undergone sister centromere separation at a time when most cells were still in S phase, according to FACScan analysis (Figure 2b) . Thus, pds1-128 cells engage in premature sister centromere separation when the coupling of S phase and mitosis is challenged.
Other aspects of anaphase also occurred prematurely in the pds1-128 mutants. For example, pds1-128 cells elongated mitotic spindles about 2 hours before wild-type cells (Figure 3a) , even though both strains replicated DNA with similar timing (data not shown). Considering the relatively short G2 interval in budding yeast, the 2 hour advancement of spindle elongation indicates that most pds1-128 cells must have initiated anaphase before replication was complete. Indeed, FACScan profiles (data not shown, but see Figure 1 ) revealed that most cells had less than a 2N DNA content at a time when the bulk of the population had initiated spindle elongation. Wild-type and pds1-128 cells progressed through S phase and began anaphase with indistinguishable timing in the absence of HU (see Supplementary material).
Uncoupling S phase from mitosis in pds1-128 cells had several consequences. Following release from α factor in the presence of 100 mM HU, 50% of pds1-128 cells engaged in an aberrant mitosis (Figure 4) . After the first division, a population of cells with less than 1N DNA content was detectable by FACScan analysis (Figure 3d) , and 30% of the newly divided cells exhibited gain or loss of the centromere region of chromosome IV (17% of cells had no centromere region IV signal, 13% had a signal >1; Figure 4 ), indicating that many nuclei failed to segregate evenly. After three generation times in HU, 50% of cells had an excess of centromere region IV signals and 21% had <1N DNA content. These abortive attempts at anaphase closely resemble those described for scc1 mutants, in which sister chromatid cohesion fails to become established during S phase [8] .
The sensitivity of pds1 mutants to HU could partly reflect the DNA damage checkpoint defect of these cells because,
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Figure 4
Aberrant mitosis part way through S phase in pds1-128 cells. (a,b,f,g ) Wild-type and (c-e,h,i) pds1-128 cells grown in medium containing 100 mM HU. (a-e) Images are from differential interference contrast (DIC) microscopy, 4,6-diamidino-2-phenylindole (DAPI) staining to visualize the chromosomes, and fluorescence microscopy to visualize spindles (using GFP-labeled TUB1). (f-i) Images are from DIC microscopy, DAPI staining and fluorescence microscopy to visualize the centrosome of chromosome IV (using GFP-labeled tetR). during S phase, HU inevitably causes replicative stress. The severe aneuploidy induced by HU treatment in pds1 mutants suggests, however, that loss of coordination between replication and mitosis is responsible for the lethality. Indeed, rad9∆ cells, defective for all known aspects of DNA damage checkpoint control [9] but not sensitive to HU (Figure 1) , were proficient at coupling S phase with mitosis, using the same experimental conditions as described above (Figure 3b) . Therefore, the S-phase Pds1p-dependent checkpoint system is Rad9p-independent.
We have shown that Pds1p is required to couple ongoing replication with mitosis. An outstanding issue is why pds1 mutants arrest efficiently when replication is completely blocked. One intriguing explanation could be that S phase and mitosis are coupled by distinct checkpoint pathways that act sequentially. To test this, we compared the checkpoint defect of pds1-128 with that of mec1, the prototypic S-phase checkpoint mutant [5] . When the mec1 checkpoint defect was analysed during partial inhibition of replication, we observed that mec1 cells initiated anaphase as soon as spindle assembly occurred (Figure 3c ). In contrast, although pds1-128 cells began anaphase prematurely, there was a distinct period in early S phase when mitosis was restrained. This was also true of the pds1 null mutant (see Supplementary material).
Rather than regulating mitotic kinase activity, the budding yeast DNA damage and spindle assembly checkpoints inhibit anaphase directly by stabilizing the inhibitor Pds1p [6] . This work demonstrates that Pds1p, as well as Mec1p, is essential to coordinate ongoing DNA replication with mitosis. Although both of these proteins are required, they must act at different times in S phase and in distinct pathways ( Figure 5 ). Mec1p must function either independently of Pds1p throughout S phase, or independently of Pds1p in early S phase but upstream of Pds1p later in S phase. We propose that an event intrinsic to the progression of DNA replication elicits a switch in the mode of checkpoint regulation. As Pds1p is required for maintaining sister centromere cohesion, the Pds1p-dependent pathway may operate only once centromere cohesion has been established, an event that is likely to be completed by mid-S phase, when centromeric regions have been replicated [8, 10] . Alternatively, Pds1p may be required following the initiation of late replication origins, because Mec1p was recently shown to be essential for an early S-phase checkpoint that inhibits late origin firing [11] . In response to DNA damage and spindle assembly checkpoint controls, Pds1p degradation is inhibited. By analogy, ongoing DNA replication may signal Pds1p stabilization in order to restrain anaphase until replication is completed.
Supplementary material
Additional methodological details, yeast strain genotypes and supplementary figures are published with this article on the internet.
Figure 5
Model for coupling replication with mitosis. Possible modes of S-phase checkpoint regulation: Mec1p and Pds1p are essential components of distinct and sequential checkpoint pathways that block mitosis, one active in early S phase, the other active part way through S phase, either operating in parallel (solid lines) or operating in series (additional broken arrow). Part way through S phase (gray arrow), there is a switch (*) in the mode of checkpoint control. 
Figure S1
Kinetics of an unperturbed cell cycle in wild-type and pds1-128 cells. Wild-type (WT) and pds1-128 cells were arrested in G1 with 200 ng/ml α factor (at least 90% unbudded cells), then released into YEPD medium at 26°C. 
Figure S2
S-phase checkpoint control defects in pds1-128 and pds1∆ mutants. Strains were arrested in G1 with α factor (at least 90% unbudded cells), then released into YEPD medium containing 100 mM HU at 26°C. Cell aliquots were taken at given time intervals to score short spindle formation (open symbols) and spindle elongation (black symbols), and for FACScan analysis of DNA content. Each strain replicated DNA with similar kinetics (data not shown). Viability of pds1-128 cells grown in liquid YEPD containing 100 mM or 400 mM HU. The pds1-128 cells were arrested in G1 with 200 ng/ml α factor (at least 90% unbudded cells), then released into YEPD medium containing 100 mM or 400 mM HU at 26°C. Cell aliquots were taken at given time intervals for scoring colony formation on YEPD medium. FACScan analysis (data not shown) confirmed that replication was arrested with 400 mM HU. In 100 mM HU, cells replicated DNA with kinetics comparable to those presented in the main text of the article. 
